Glutathione, a thiol tripeptide of γ-glutamylcysteinylglycine, is widely distributed in both prokaryotic and eukaryotic organisms[@b1][@b2]. The ubiquitous and abundant tripeptide is synthesized through two sequential, ATP-dependent reactions[@b3]. The first reaction is catalyzed by γ-glutamylcysteine synthetase, joining L-glutamate and L-cysteine into γ-glutamylcysteine. The second reaction is catalyzed by glutathione synthetase, joining γ-glutamylcysteine and L-glycine to produce glutathione. Glutathione can be recycled through the oxidation/reduction cycle of its reduced (GSH) and oxidized (GSSG) forms[@b1]. GSH serves as a nucleophilic co-substrate of detoxification enzymes such as glutathione S-transferases (GST) in detoxifying xenobiotics[@b5][@b6]. GSH also serves as an essential electron donor to glutathione peroxidases (GPx) in the reduction of hydroperoxides[@b7]. The oxidized GSSG can be converted back to GSH through the action of glutathione reductase. Like other small peptides, glutathione is degraded by various peptidases including tripeptide aminopeptidases and γ-glutamyl transpeptidases[@b1][@b3].

Glutathione is involved in various physiological functions in different organisms. In prokaryotes, glutathione maintains the proper oxidation states of protein thiols and protects cells from damage under abnormal conditions such as low pH, chlorine compounds, oxidative and osmotic stresses[@b8]. In mammals, glutathione serves as a major antioxidant that helps to prevent or even reduce the effect of certain human diseases including cancer, inflammation, and various other disorders[@b9]. In plants, glutathione participates in detoxification as well as signaling in plant defense against biotic and abiotic stresses[@b10]. The abundance of glutathione increases in plants exposed to oxidative stimuli[@b11][@b12]. Glutathione abundance also increases in plants infected with avirulent pathogens during incompatible interactions, but decreases in plants during compatible interactions[@b12][@b13]. Plants with γ-glutamylcysteine synthetase-deficient mutations have reduced levels of glutathione and exhibit a more susceptible phenotype to pathogens[@b4][@b14][@b15] and to generalist insects[@b16][@b17].

The molecular mechanism of glutathione involvement in parasite resistance/susceptibility in plants is not quite clear at present and may vary in different systems under different conditions. One possible pathway for glutathione involvement in plant resistance to insects is through increased production of secondary metabolites[@b17]. Glutathione serves as a thiol donor in this process. Glutathione may also affect the levels of reactive oxygen species (ROS), and thus participate in the hypersensitive reaction launched by resistant plants following pathogen attack[@b4][@b18].

The Hessian fly, *Mayetiola destructor*, is a gall midge that causes destructive damage to wheat plants. Hessian fly interacts with wheat in a way similar to many plant-pathogen interactions, including a fixed feeding site and a typical gene-for-gene relationship[@b19]. During compatible interactions, susceptible plants are manipulated by Hessian fly larvae, including the suppression of plant defense, inhibition of wheat growth, the reprogramming of wheat metabolic pathways, and formation of nutritive cells at the feeding site[@b20][@b21][@b22]. During incompatible interactions, resistant plants defend themselves effectively against Hessian fly larval attack and grow normally after some initial growth deficit[@b23]. As a result of plant defense, Hessian fly larvae die within 3--5 days after the initial attack. The exact mechanism of the larval death in resistant plants is not known. Numerous genes encoding toxic chemicals including proteinaceous inhibitors, lectins, and various enzymes that participate in the synthesis of secondary metabolites are induced in resistant plants after Hessian fly attack[@b21][@b24][@b25]. Membrane remodeling and cell-wall strengthening may also play a crucial role in wheat resistance to Hessian fly[@b26][@b27]. In addition, there is a rapid ROS accumulation at the site of Hessian fly attack in resistant wheat (Liu et al., 2010). ROS are toxic to Hessian fly larvae and can also participate in cell wall strengthening[@b27][@b28]. The toxic chemicals, strengthening of cell wall, and elevated levels of ROS may collectively lead to Hessian fly larval death.

During our previous characterization of molecular pathways leading to wheat resistance to Hessian fly using microarrays, we have found that the transcript levels of a large number of genes encoding various enzymes involved in glutathione metabolism are strongly affected in resistant plants after Hessian fly attack[@b21][@b27], indicating that glutathione may play an important role in wheat defense against Hessian fly attack. The objective of this study was to determine if the level of glutathione increases in wheat tissue following Hessian fly infestation, the molecular pathways leading to a glutathione increase, and the potential molecular mechanisms for glutathione involvement in wheat resistance to this insect pest.

Results
=======

Hessian fly induces higher levels of glutathione in resistant plants
--------------------------------------------------------------------

The levels of total glutathione (GSH+GSSG) increased steadily in tissues at the feeding site in resistant plants after Hessian fly infestation ([Figure 1](#f1){ref-type="fig"}). The increase became apparent as early as three hours after Hessian fly larvae reached the feeding site, and at 72 hours, the abundance of total glutathione increased by about 60%. The increase in glutathione abundance was due to a proportional rise in both the reduced (GSH) and oxidized (GSSG) forms of glutathione. The GSH/GSSG ratio did not change significantly in infested plants in comparison with that in uninfested control plants ([Figure 1](#f1){ref-type="fig"}, bottom panel). In contrast, the level of total glutathione did not change significantly in infested susceptible plants except for a slight, transient increase in the abundance of GSSG. The level of glutathione did not change significantly in tissues corresponding to the feeding site of uninfested resistant and susceptible plants during the same period when the experiment was carried out ([Figure S1](#s1){ref-type="supplementary-material"}).

Hessian fly induces higher levels of glutathione synthetase activity in resistant plants
----------------------------------------------------------------------------------------

To determine if the increase in glutathione abundance is due to increased synthesis, we determined the activity of γ-glutamylcysteine synthetase and glutathione synthetase in wheat tissue at the feeding site. The enzymatic activities of these two enzymes were differentially regulated. The enzymatic activity of γ-glutamylcysteine synthetase did not change significantly in infested resistant plants ([Figure S2](#s1){ref-type="supplementary-material"}). Consistent with the finding that there is no apparent increase in enzymatic activity, the transcript levels of genes encoding γ-glutamylcysteine synthetases did not change significantly either. On the other hand, the enzymatic activity of glutathione synthetase increased steadily in wheat tissue at the feeding site in resistant plants starting from three hours after Hessian fly infestation ([Figure 2a](#f2){ref-type="fig"}). The increase in glutathione synthetase activity reached a maximum at 48 hours, and started to decrease at 72 hours after Hessian fly infestation. In susceptible plants, the enzymatic activity of glutathione synthetase decreased slightly in wheat tissue at the feeding site at three and 12 hours following Hessian fly infestation. At 24, 48, and 72 hours, glutathione synthetase activity increased in susceptible plants, but the increase was of a much smaller magnitude in comparison with that observed in resistant plants.

To determine if the increased activity of glutathione synthetase in resistant plants was due to increased gene expression, qPCR was carried out to determine the abundance of transcripts of genes encoding glutathione synthetases. A search of Genbank and EST databases revealed four unique sequences that encode glutathione synthetases. Three of the sequences are very similar to each other (\~96% sequence identity) and may represent transcripts derived from different homeologous alleles of the same gene ([Figure S4](#s1){ref-type="supplementary-material"}). Accordingly, a common (Common) pair of primers was synthesized in the conserved regions for qPCR to determine the levels of transcripts corresponding to these three sequences. The other sequence of wheat glutathione synthetase is quite different with only 79% sequence identity to the three sequences mentioned earlier at the nucleotide level. A unique (Unique) pair of primers was designed for PCR to determine the abundance of transcript corresponding to this unique glutathione synthetase gene. As shown in [Figure 2b](#f2){ref-type="fig"}, the levels of transcript abundance increased two to three fold in resistant plants after Hessian fly infestation when the common primer pair was used for qPCR analysis. No significant change in transcript abundance was observed in infested susceptible plants under the same conditions. Transcript abundance also increased in infested resistant plants when the unique primer pair was used for qPCR analysis even though the variation was bigger than that when PCR was carried with the primer pair common to three different sequences among different replicates ([Figure 2c](#f2){ref-type="fig"}). Again, no significant change in transcript abundance was observed in infested susceptible plants when the same pair of primers unique to the genes was used for PCR. No significant change in transcript abundance of the genes encoding glutathione synthetases was observed in uninfested control plants during the same time period ([Figure S5](#s1){ref-type="supplementary-material"}).

Hessian fly induces higher levels of glutathione peroxidase activity in both resistant and susceptible plants
-------------------------------------------------------------------------------------------------------------

Glutathione peroxidases detoxify ROS such as hydrogen peroxides using glutathione as an electron donor[@b2][@b7]. During this reaction, GSH is oxidized into GSSG. As shown in [Figure 3a](#f3){ref-type="fig"}, the enzymatic activity of glutathione peroxidases increased steadily in both infested resistant and susceptible plants. The increase in glutathione peroxidase activity became significant at 12 hours after Hessian fly infestation, and reached maximum (\~30% increase) at 48 hours.

To determine if the increase in enzymatic activity of glutathione peroxidases was due to increased gene expression, qPCR was again conducted to determine if there was any change in abundance of glutathione peroxidase transcripts. A search of Genbank and EST databases identified two different glutathione peroxidase genes ([Figure S6](#s1){ref-type="supplementary-material"}). Gene-specific primer pairs were designed to determine the levels of transcripts from these two genes. The abundance of transcripts corresponding to both genes increased significantly in both resistant and susceptible plants after Hessian fly infestation ([Figures 3b, 3c](#f3){ref-type="fig"}).

Hessian fly induces higher levels of glutathione reductase activity in susceptible plants, but not in resistant plants
----------------------------------------------------------------------------------------------------------------------

Glutathione reductases convert GSSG back into GSH using NADPH as an electron donor so that GSH can be reused for detoxification. Enzymatic activity of glutathione reductases increased steadily in susceptible plants after Hessian fly infestation ([Figure 4a](#f4){ref-type="fig"}). However, no significant change was observed in the level of glutathione reductase activity in infested resistant plants.

To determine if the increase in enzymatic activity in infested susceptible plants was due to increased gene expression, qPCR was again carried out to determine the levels of transcripts encoding glutathione reductases. A search of Genbank and EST databases identified two distinct glutathione reductase genes ([Figure S7](#s1){ref-type="supplementary-material"}). Unique primer pairs were designed for PCR analysis for each gene. qPCR analysis revealed that the abundance of transcripts increased significantly for both genes in infested susceptible plants ([Figures 4b, 4c](#f4){ref-type="fig"}). No significant change in the levels of transcripts for either one of the genes was detected in infested resistant plants.

Hessian fly induces high levels of transcripts encoding glutathione degradation enzymes in susceptible plants, but not in resistant plants
------------------------------------------------------------------------------------------------------------------------------------------

Glutathione is degraded by various types of peptidases (Noctor et al., 1998, 2012). Therefore, the levels of peptidase activity can affect the turnover rates of glutathione, thus affecting the glutathione abundance in wheat cells. We analyzed the transcript abundance of two types of peptidases, γ-glutamyltransferases (γ-glutamyl transpeptidase, GT) and tripeptide aminopeptidases (TPA) by qPCR. γ-glutamyltransferases catalyze the transfer of the γ-glutamyl moiety of glutathione to an acceptor, whereas tripeptide aminopeptidases can also remove glutamyl group from glutathione[@b1][@b3].

A search of Genbank and EST databases identified two different cDNAs (GT42 and GT76) encoding γ-glutamyltransferases ([Figure S8](#s1){ref-type="supplementary-material"}). Primer pairs specific to the two sequences were designed for qPCR analysis. As shown in the left panel of [Figures 5](#f5){ref-type="fig"}, both primer pairs detected significant increases in the abundance of transcripts encoding γ-glutamyltransferases in infested susceptible plants. However, no significant change was detected for both genes in infested resistant plants.

A search of Genbank and EST databases identified three sequences that encode tripeptide aminopeptidases ([Figure S9](#s1){ref-type="supplementary-material"}). Two of the three sequences are nearly identical and therefore were considered as the products of the same gene. Accordingly two primer pairs specific to each gene (TPA54 and TPA75) were designed for qPCR analysis. As shown in the right panel of [Figures 5](#f5){ref-type="fig"}, significant increases were observed in the PCR result in samples derived from infested susceptible plants. Again no significant change was detected in infested resistant plants.

Discussion
==========

The pathways for glutathione synthesis, recycling, and metabolism are well established ([Figure 6](#f6){ref-type="fig"}). Glutathione synthesis is a two-step process involving the enzymes γ-glutamylcysteine synthetase (γ-GCS) and glutathione synthetase (GS). In this study, we found that the two enzymes for glutathione synthesis were unevenly regulated in resistant plants after Hessian fly infestation. Specifically, the enzymatic activity and transcript abundance of glutathione synthetase, the enzyme for the second reaction, was upregulated rapidly and significantly in infested resistant plants. However, no significant changes were detected for the enzymatic activity and transcript abundance of γ-glutamylcysteine synthetase, the enzyme for the first reaction, in infested resistant plants under the same condition. γ-Glutamylcysteine synthetase was reported to be the rate-limiting step for the overall glutathione biosynthesis process[@b1][@b29]. This unbalanced regulation of the glutathione synthetic pathway makes it hard to explain the rapid and steady increase of glutathione abundance in infested resistant plants. The finding that there is essentially no change in activity of the rate-limiting enzyme would suggest that there will be no increase in glutathione synthesis. However, the up to 60% increase in total glutathione in infested resistant plants could not be simply explained by increased stability of glutathione, since Hessian fly did not downregulate genes encoding the putative glutathione degradation enzymes ([Figure 5](#f5){ref-type="fig"}). Further research will have to be carried out to explain this dilemma. The unbalanced regulation of the glutathione synthesis coupled with the rapid and steady increase of glutathione abundance in the wheat tissue of the infested resistant plants suggested that the γ-glutamylcysteine synthetase might be either inhibited by a negative feedback from GSH, or it is not the rate-limiting enzyme in the glutathione synthetic pathway in wheat plants under our experimental conditions. In mammalian cells, γ-glutamylcysteine synthetase is effectively inhibited by a GSH feedback, whereas glutathione synthetase is not subject to the negative feedback[@b9][@b30]. It has also been reported that the γ-glutamylcysteine synthetase is not the limiting step in plants under heavy metal stress conditions, and overexpression of a bacterial glutathione synthetase gene alone in Indian mustard results in higher concentrations of glutathione in the transgenic plant[@b31].

Not only was the regulation of the two step glutathione-synthetic pathway unevenly regulated, but the oxidation/reduction cycle of GSH/GSSG was also unbalanced in infested resistant plants. The enzymatic activity and transcript abundance of glutathione peroxidases, which convert GSH to GSSG when the enzyme detoxifies ROS, increased in infested resistant plants. However, the enzymatic activity and transcript abundance of glutathione reductases, which convert GSSG back to GSH, did not change significantly in infested resistant plants. The unbalanced activation of the two enzymes in the same cycle would suggest a net accumulation of GSSG in infested resistant plants. However, the ratio of GSSG/GSH did not change significantly in these plants, indicating that there is an alternative pathway(s) to convert GSSG back to GSH in infested resistant plants to maintain a stable GSSG/GSH ratio.

One possible alternative pathway to convert GSSG back to GSH is through class III peroxidases. Class III peroxidases are a large group of enzymes that are unique to plants[@b15]. Class III peroxidases are located in extracellular space and are able to produce ROS in plants under certain conditions[@b7][@b32][@b33]. Hessian fly infestation induces elevated levels of ROS at the feeding site in resistant plants[@b28]. The ROS burst in infested resistant wheat, however, is not produced by NADPH-dependent oxidases[@b28][@b34], which are responsible for ROS production in many other plant-pest systems[@b35][@b36]. Instead, a large number of genes encoding class III peroxidases are rapidly and greatly upregulated, and peroxidase activity increases in apoplastic space[@b28].

In order for class III peroxidases to produce ROS, two conditions must be satisfied: 1) ion fluxes that lead to extracellular alkalization and 2) an abundant and recyclable oxidant as electron acceptor[@b37]. Ion fluxes leading to an increase in local pH have been observed in several systems and could be induced by elicitation from avirulent Hessian fly larval elicitors. The abundant oxidant, however, has not been identified in any plant -- pest system. The high abundance and rapid and steady increase of glutathione observed in this study indicate that oxidized GSSG can serve as the oxidant for class III peroxidases for ROS production. The conversion of GSSG back to GSH during ROS production would explain the unbalanced activation of the glutathione oxidation/reduction cycle. We hypothesize that the excess GSSG in cytosol were transported to extracellular space where class III peroxidases locate, and served as the oxidant either directly or indirectly during ROS production by class III peroxidases ([Figure 6](#f6){ref-type="fig"}). The reduced GSH could be transported back to cytosol where they could be re-oxidized. The two independent pathways via glutathione reductases in cytosol and class III peroxidases in apoplast could maintain the balance of the GSH/GSSG cycle.

The hypothesis that GSSG functions as the oxidant for class III peroxidases during ROS production in apoplast, however, is not consistent with previous observations that a GSH peak was not observed in a bean apoplastic fluid before and after an oxidative burst, and glutathione was less effective for the production of reactive oxygen species than free cysteine in an *in vitro* assay[@b37][@b38]. The lack of GSH detection can be explained by the possibility that free GSH is maintained in apoplast at a minimum level and is transported back to cytosol after GSSG is reduced. The addition of glutathione into an *in vitro* solution may not be active as an oxidant in the absence of a system to generate the oxidized form of glutathione, which exists in different compartments in a living cell.

The rapid and steady increase in glutathione abundance in infested resistant plants has also been observed in other plant-pathogen systems[@b32][@b39]. For example, the abundance of glutathione increases in plants infected with avirulent pathogens during incompatible interactions[@b13][@b40]. Mutants with a disrupted synthetic pathway contain lower levels of glutathione and are more susceptible to both pathogens and generalist insects[@b4][@b14][@b15][@b16][@b17]. These data strongly suggest that glutathione plays a role in plant defense against a wide range of pests.

In comparison to what has been observed in infested resistant plants, the abundance of glutathione did not significantly change or even slightly decreased in susceptible plants following Hessian fly attack. Despite the relative stable abundance of glutathione in infested susceptible plants, there were, however, significant changes in metabolic pathways of glutathione in these plants. Specifically, the enzymatic activity of glutathione synthetases decreased slightly at earlier time points, but increased slightly at later time points. The enzymatic activities of both glutathione peroxidases and glutathione reductases increased significantly in infested susceptible plants. The coordinate increase of the two enzymes in the glutathione oxidation/reduction cycle indicates that there was increased usage and recycling of glutathione in susceptible plants even though the total amount of glutathione remained stable. A possible impact of the increased recycling of glutathione could be increased detoxification of ROS in infested susceptible plants, thus creating a more favorable diet for Hessian fly larvae. Interestingly, several genes encoding putative glutathione degradation enzymes were significantly upregulated in infested susceptible plants. The fact that the increase in gene expression of glutathione degradation enzymes did not significantly reduce the abundance of glutathione indicates that these peptidases might be induced for other functions. The enzymes that can degrade glutathione can also degrade other small peptides. Indeed, dipeptides and free amino acids increases in susceptible plants following Hessian fly attack[@b22].

In summary, Hessian fly induces a rapid and steady accumulation of glutathione in resistant plants, but not in susceptible plants. The increase in glutathione abundance in infested resistant plants is at least partially achieved by increased synthesis via increased enzymatic activity and transcript abundance of genes encoding glutathione synthetases. Even though the abundance of total glutathione increased in infested resistant plants, the GSH/GSSG ratio remained the same. On the other hand, the enzymatic activity and transcript abundance of enzymes in the GSH/GSSG cycle are unevenly regulated. Specifically, the activity and transcript abundance of glutathione peroxidases, which convert GSH to GSSG, increased in infested resistant plants, but the enzymatic activity and transcript abundance of glutathione reductases, which converts GSSG back to GSH, did not change. The unbalanced regulation of two enzymes in the same cycle suggests that an alternative pathway exists to convert GSSG back to GSH. We hypothesize that GSSG produced by glutathione peroxidases in cytosol is transported into apoplastic spaces where class III peroxidases are located, and serve as an oxidant to class III peroxidases during the production of ROS for plant defense. Extensive evidence has been obtained that class III peroxidases are one of the mechanisms for launching oxidative defense in plants, but no oxidant for these enzymes has been identified in any plant -- parasite systems. Our results could stimulate the elucidation of the molecular pathways involved in glutathione that lead to oxidative defense in plants.

Methods
=======

Hessian fly population
----------------------

Hessian fly (*Mayetiola destructor*) biotype GP was used in this study[@b41]. This biotype is virulent to wheat (*Triticum aestivum*) Newton (with no R gene), but avirulent to wheat Molly (containing R gene *H13*).

Plant materials and sample collection
-------------------------------------

Two near-isogenic wheat lines 'Molly\' (*H13*; resistant to biotype GP) and 'Newton\' (susceptible to biotype GP) were planted in groups of 20 seeds per pot (4-inch in diameter) containing Promix Professional growing medium (Premier Horticulture Inc., Quakertown, PA). After germination, 15 plants were kept for experiments and weak or extra plants were removed from the pot. Wheat plants were maintained in a growth chamber (L-41L2, Percival, Perry, IA) setting at 20 ± 1°C (day time) and 18 ± 1°C (night time) with a 14 h:10 h (L:D) photoperiod with light intensity of 1000 µmol m^−2^ s^−1^. Wheat seedlings in a pot were infested at 1.5-leaf stage with 20\~25 eggs/plant by confining flies in the pot with a mesh screen cage. The initial infestation time point was defined as the time when the newly hatched larvae (neonates) just reached the feeding site between leaf sheaths at the base of the plant (monitored by dissecting extra infested plants). Each experiment consisted of three independent biological replicates, and each replicate was carried out at different times. Samples were harvested at 3, 12, 24, 48, and 72 hours after Hessian fly (*Mayetiola destructor*) infestation. Leaf-sheath tissue of 10--15 mm at the feeding site (crown tissue above the root-shoot junction) was cut out, insects removed, and used for sample extraction for various analyses. Each sample was handled in a 1.7 ml microtube that contained a pool of tissues collected from 10--15 plants. Harvested tissue samples were frozen immediately in liquid nitrogen and stored at −80°C.

RNA extraction and cDNA synthesis
---------------------------------

Total RNA was extracted from frozen tissues using TRI reagent (Molecular Research Inc. Cincinnati, OH), according to the manufacturer\'s instruction. RNA samples were treated with the TURBO DNA-free kit (Applied Biosystems, Foster City, CA), further purified through an RNease kit (Qiagen), and quantified with a NanoDrop-1000 (NanoDrop Technologies Inc., Wilmington, DE). All purified RNA samples were diluted and adjusted to 400 ng/µl to ensure equal amounts of cDNA template for quantification of mRNA abundance. cDNA was synthesized using SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen, Grand Island, NY), according to the manufacturer\'s guidelines.

qPCR analysis
-------------

qPCR for selected wheat genes was conducted with the iQ SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA) on a BioRad-iCycler detection system as described previously (Liu et al., 2010). Target-specific PCR primers were designed using the software package Beacon Designer 8.01 and listed in [Table S1](#s1){ref-type="supplementary-material"}. Relative fold-changes for transcripts were calculated using the comparative 2^-ΔΔCT^ method[@b42] (Livak and Schmittgen, 2001) and normalized to an actin control. Fold changes were calculated comparing transcript abundance of a gene in infested plants with that for the same gene in uninfested control samples.

Bioassays
---------

Abundance of total glutathione (GSH + GSSG) and glutathione disulfide (GSSG) in wheat plants was determined using a Glutathione Assay Kit \# 703002 (Cayman Chemical, Ann Arbor, MI, USA) according to the manufacturer\'s instruction. Briefly, 0.18 g frozen wheat tissue of each sample was homogenized in 1.1 ml cold homogenate buffer in a 1.7 ml tube, and 800 μl of supernatant was obtained after centrifuge. To determine the abundance of GSSG, GSH in the sample was first removed by a treatment with 2-vinylpyridine. The assay was performed in an 8 × 12-well microplate. Absorbance at 410 nm was measured once every minute at 7 time points using Microplate Spectrophotometer PowerWave XS(BioTek Instruments, Winooski, VT, USA). Data collection and analysis were done using the Microplate Data Collection & Analysis Software Gen5 (BioTek).

The enzymatic activities of γ-glutamylcysteine synthetase and gluthione synthetase were determined using the method described previously with a slight modification[@b43]. The assay for γ-glutamylcysteine synthetase activity is based on the formation of GSH from cysteine, glutamate, and glycine in the presence of the excess of glutathione synthetase. The assay for glutathione synthetase is based on the formation of GSH from γ-glutamylcysteine and glycine. In each case, the newly produced GSH was quantified using the Glutathione Assay Kit \# 703002 (Cayman Chemical) described as previously.

The enzymatic activities of Glutathione Peroxidase and Glutathione Reductase were determined with the following kits (from Cayman Chemical): Glutathione Peroxidase Assay Kit \# 703102 and Glutathione Reductase Assay Kit\# 703202, according to the manufacturer\'s instruction. All the absorbance was read at 340 nm.

Statistical test
----------------

Data were subjected to analysis of variance (ANOVA), and Tukey\'s honestly significant difference (HSD) multiple comparisons were conducted using ProStat software Version 5.5(Poly Software International Inc., Pearl River, NY). Tukey\'s 95% simultaneous confidence intervals were used to separate data into groups.

Author Contributions
====================

X.L. and S.Z. conducted the experimental work. M.S.C. conceived the study. X.L., S.Z., R.J.W., J.J.S. and M.C. analyzed the data and wrote the paper.

Supplementary Material {#s1}
======================

###### Supplementary Information

Supplementary Information

This paper is a joint contribution from the United States Department of Agriculture-Agriculture Research Service at Manhattan, Kansas, and the Kansas Agricultural Experiment Station. We thank Dr. Subbaratnam Muthukrishnan for reviewing an early version of the manuscript. Mention of a commercial or proprietary product does not constitute an endorsement or recommendation for its use by the USDA. The research was partially supported by a grant from the U.S. Department of Agriculture (USDA NIFA 2010-03741).

![Hessian fly induces higher levels of glutathione in wheat tissues at the feeding site in resistant plants, but did not affect the ratio of GSH/GSSG.\
Black and grey bars represent data from susceptible (Newton) and resistant (Molly) plants, respectively. GSH+GSSG represent changes in the abundance of total glutathione, whereas GSSG represents changes in abundance of oxidized glutathione. The bottom panel represents the ratio of GSSG/GSH.](srep08092-f1){#f1}

![Hessian fly induces higher levels of enzymatic activity and transcript abundance of glutathione synthetases.\
Black and grey bars represent data from susceptible (Newton) and resistant (Molly) plants, respectively. (a) Percentage change in enzymatic activity of glutathione synthetases in plants at different time points after Hessian fly infestation. (b) Fold changes of transcript abundance determined by qPCR using the primer pair common to CK156077, AJ579381 and AJ579382. (c) Fold changes of transcript abundance determined by qPCR using the primer pair specific to AJ579380.](srep08092-f2){#f2}

![Hessian fly induces higher levels of enzymatic activity and transcript abundance of glutathione peroxidases in both resistant and susceptible plants.\
Black and grey bars represent data from susceptible (Newton) and resistant (Molly) plants, respectively. (a) Percentage change in enzymatic activity of glutathione peroxidases in plants at different time points after Hessian fly infestation. (b) Fold changes of transcript abundance determined by qPCR using the primer pair specific to BJ254939. (c) Fold changes of transcript abundance determined by qPCR using the primer pair specific to AY364468.](srep08092-f3){#f3}

![Hessian fly induces higher levels of enzymatic activity and transcript abundance of glutathione reductases in susceptible plants, but not in resistant plants.\
Black and grey bars represent data from susceptible (Newton) and resistant (Molly) plants, respectively. (a) Percentage change in enzymatic activity of glutathione reductases in plants at different time points after Hessian fly infestation. (b) Fold changes of transcript abundance determined by qPCR using the primer pair specific to AY364467. (c) Fold changes of transcript abundance determined by qPCR using the primer pair specific to FK827496.](srep08092-f4){#f4}

![Hessian fly induces higher levels of transcript abundance of genes encoding glutathione degradation enzymes in susceptible plants, but not in resistant plants.\
Black and grey bars represent data from susceptible (Newton) and resistant (Molly) plants, respectively. qPCR was carried out using primers specific to the γ-glutamyltransferase genes BU100842 (GT42) and AK333876 (GT76), and to the tripeptide aminopeptidase genes CJ717454 (TPA54) and HX136475 (TPA75), respectively.](srep08092-f5){#f5}

![Metabolic pathways of glutathione synthesis, recycling, detoxification, and degradation; and a model for glutathione to serve as an oxidant for class III peroxidases during generation of ROS such as hydrogen peroxides.\
Glu, Cys, γ-EC, Gly, and Cys-Gly represent glutamate, cysteine, γ-glutamylcysteine, glycine, and cysteinylglycine, respectively. γ-GCS, GS, GT, TPA, GST, GR, GPx, and III-Px represent γ-glutamylcysteine synthetases, glutathione synthetases, γ-glutamyltransferases, tripeptide aminopeptidases, glutathione S-transferases, glutathione reductases, glutathione peroxidases, and class III peroxidases, respectively. Blue arrows indicate direction of metabolite flow, whereas yellow arrows indicate transport of GSSG and GSH between cytosol and apoplast, where GSSG serves as an oxidant for class III peroxidases during ROS generation.](srep08092-f6){#f6}
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